Acetyl-coenzyme A carboxylase 1 (ACC1) serves a major role in fatty acid synthesis. Previous reports have indicated that ACC1 is a promising drug target for treating human diseases, particularly cancers and metabolic diseases; however, the role of ACC1 in liver cancer and normal liver function remains unknown. In the present study, bioinformatics analysis indicated that ACC1 is overexpressed in liver cancer. Kaplan-Meier survival analysis revealed that the expression levels of ACC1 are highly associated with the prognosis of patients with liver cancer. To determine the role of ACC1 in cancer and normal liver cells, ACC1 expression was downregulated in human hepatoma Hep G2 cells and the rat liver cell line BRL 3A using RNA interference technology, which demonstrated that silencing of ACC1 significantly suppressed the cell viability in the two cell lines. Additionally, ACC1 knockdown decreased the mRNA and protein expression levels of the cell proliferation-associated genes MYCN, JUN, cyclin D1 (CCND1) and cyclin A2 (CCNA2) in BRL 3A. Furthermore, the number of cells in division phase (G2/M) was significantly reduced in the interference group, as detected by flow cytometry. Thus, ACC1 may bind and activate CCNA2, CCND1, MYCN and JUN to promote BRL 3A proliferation. In summary, the results of present study indicated that overexpression of ACC1 is significantly associated with the survival time of patients with liver cancer, and may provide insight into the association between ACC1 and cell proliferation in BRL 3A cells.
Introduction
Acetyl-coenzyme A (CoA) carboxylases (ACCs) are the most highly regulated enzymes in the fatty acid (FA) synthesis pathway; they catalyse the carboxylation of acetyl-CoA into malonyl-CoA, which represents the rate limiting step in de novo FA synthesis (1) (2) (3) (4) . Additionally, two isoforms of ACC encoded by two different genes in mammalian cells have been described, ACC1 and ACC2; ACC1 is highly enriched in lipogenic tissues (liver and adipose), while ACC2 is mainly expressed in oxidative tissues (heart, skeletal muscle and liver) (5, 6) . As they are located in a variety specialised tissues, ACC1 and ACC2 serve different metabolic roles. ACC1 generates malonyl-CoA for de novo synthesis of long-chain FAs in the cytosol, while ACC2 generates malonyl-CoA; thus carnitine palmitoyl transferase I is inhibited, preventing FA degradation in the mitochondria (3, 5) .
A previous study reported that ACC1 is overexpressed in different human cancer cells, and is likely involved in lipogenesis and the development and progression of tumours (7) . Knockdown or chemical inhibition of ACC1 in prostate cancer cells has been successful in inducing cell apoptosis (8) . Inhibition of ACC1 downregulates epidermal growth factor receptor variant III (EGFRvIII) during human glioblastoma cell proliferation and de novo lipogenesis (9) . The interaction between ACC1 and breast cancer 1 indicates the possible role of ACC1 in the susceptibility to breast and ovarian cancers (10) . A previous study reported that the molecule is essential for breast cancer cell survival (11) . Furthermore, ACC1 regulates endothelial cell migration, and is associated with FA metabolism and the migration of endothelial cells (7) . ACCs have been used as targets for treating metabolic diseases, including obesity and diabetes, and its inhibitors have been developed in clinical trials (12) (13) (14) (15) .
In the present study, the mRNA expression profile of ACC1 in certain types of cancer was investigated using the Oncomine database, and the association between alterations in ACC1 expression and clinical outcomes in numerous types of cancers, including liver, brain and kidney cancer, was analysed. Furthermore, the effects of small interfering RNA (siRNA)-mediated knockdown of ACC1 on the rat liver cell line BRL 3A and human hepatoma Hep G2 cells were determined. 
ACC1 is overexpressed in liver cancers

Materials and methods
Oncomine database analysis. The mRNA expression levels of ACC1 in various types of cancers were analysed using the Oncomine database (https://www.oncomine. org/resource/login.html) (16) . Cancer tissues were compared with normal tissues using t-tests, and the threshold was set to a P<0.0001, fold change >2 and gene ranking in the top 10%.
Roessler liver normal and cancer tissue samples were used in the present study (datasets GSE1898 and GSE4024) (17) .
Kaplan-Meier survival analysis.
The association between ACC1 expression and survival time of patients was determined using SurvExpress (http://bioinformatica.mty.itesm. mx/SurvExpress) (18) . The risk groups were produced using an optimization algorithm from the ordered prognostic index (PI), which is commonly used to generate risk groups: A log-rank test was employed among all values of arranged PI for two groups and the minimum P-value was selected as the cut-off point.
Cell culture. Knockdown of ACC1 with siRNA treatment. BRL 3A and Hep G2 cells were plated with 10% FBS medium at a density of 200,000 cells/well in six-well plates, and incubated overnight at 37˚C in a humidified incubator with 5% CO 2 . The following day, the cells were treated with 50 nmol ACC1-targeting siRNA or an identical concentration of negative control (NC) siRNA (siControl) formulated into lipid complexes using Lipofectamine ® RNAiMax (Thermo Fisher Scientific, Inc.) transfection reagent. SiRNA-transfected cells were collected 24, 48 and 72 h post-transfection for quantitative polymerase chain reaction (qPCR) and western blot analysis. human (h)ACC1 siRNAs [sihACC1-(1-3) and sihACC1-2] and siControl were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The same NC siRNA was used for the transfection of BRL 3A and Hep G2 cells; the sequence was random and unrelated to the human or rat genome. The sequences of siControl and siACC1 are presented in Table I .
RNA isolation and reverse transcription-qPCR (RT-qPCR)
analysis. Total RNA (from BRL 3A or HepG2 cells) was extracted using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. RNA (2 µg) was used to synthesise the first strand of cDNA using the GoScript™ Reverse Transcription system (cat. no. A5001; Promega Corporation, Madison, WI, USA). qPCR was performed on a Bio-Rad CFX96 PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with the SYBR Green Master mix (Qiagen GmbH, Hilden, Germany) and the thermocycling conditions used for all amplifications were: One cycle of 95˚C for 2 min and 40 cycles of 95˚C for 15 sec, 60˚C for 15 sec, and 68˚C for 20 sec. mRNA values were normalised to the β-actin housekeeping gene according to the 2 -ΔΔCq method (19) . Three replicates were performed for each sample. The primers were synthesised by Shanghai Generay Biotech Co., Ltd. (Shanghai, China) and are presented in Table II .
Cell viability assay. Cells were plated at a density of 10,000 cells/well in 96-well plates. On the second day, cells were transfected with 50 nmol siACC1 or siControl. An MTT assay (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to measure the viability of BRL 3A and Hep G2 cells 24, 48 and 72 h post-treatment with siRNA. Briefly, 10% v/v of 5 mg/ml MTT was added to each well, after which the cells were incubated at 37˚C for 4 h. The supernatant was discarded, and 0.2 ml of dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added to each of the wells. The wells were gently agitated for 10 min at room temperature, and the absorbance of each well was measured at 570 nm by an ELx808 absorbance reader (BioTek Instruments, Inc., Winooski, VT, USA) (20) .
Cell migration assay. Transfected cells (100,000 cells/well) were seeded in 24-well plates. The cell layer was scratched with the tip of a 10-µl pipette. The healing process was observed for 48 and 96 h. The width of the wound was measured 48 and 96 h after scratching in order to evaluate the wound healing ability of the cells. Images of the migrated cells were taken using a microscope (magnification, x10; Nikon Eclipse 80i; Nikon Corporation, Tokyo, Japan) and the number of cells permeating the septum were counted in five random fields.
Cell cycle analysis. Nuclear DNA content can be quantitatively measured at high speed by flow cytometry. Cells were seeded into six-well plates and transfected with siACC1 or siControl at a final concentration of 50 nmol. After 48 h, the cells were harvested, washed with cold PBS, and then fixed with 70% alcohol at ~20˚C overnight. The fixed cells were washed with cold PBS 2-3 times; PBS was discarded and the cells were incubated in 1 ml of PBS containing 50 µg propidium iodide (Sigma-Aldrich; Merck KGaA) and 100 µg RNase A (Sigma-Aldrich; Merck KGaA) for 30 min at 37˚C. Samples were then analysed for DNA content by flow cytometry with a FACScan instrument with BD FACStation software version 5.2 (BD Biosciences, Franklin Lakes, NJ, USA).
Western blot analysis. Cells were washed with ice-cold PBS and lysed with radioimmunoprecipitation assay lysis buffer (50 mmol Tris, 150 mmol NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing protease inhibitors (Roche Diagnostics, Basel, Switzerland). Protein concentrations were determined by a bicinchoninic acid protein assay kit (Tiangen Biotech Co., Ltd., Beijing, China). SDS loading sample buffer was applied to the proteins, which was subsequently heated at 95˚C for 5 min. Proteins (50 µg/lane) were separated by 12% SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Little Chalfont, UK). The membranes were first blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 for 2 h at room temperature and subsequently incubated overnight at 4˚C with the following primary antibodies: Rabbit anti-ACC1 (cat. no. BM4414; 1:1,000), rabbit anti-cyclin A2 (CCNA2; cat. no. PB0402; 1:1,000), rabbit anti-n-MYCN (cat. no. PB0769; 1:1,000), rabbit anti-Cyclin D1 (CCND1) (BM0771; 1:1,000) and rabbit anti-JUN (BA0208-2; 1:1,000; all from Boster Biological Technology, Pleasanton, CA, USA). The membrane was further incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (cat. no. 12-348; 1:5,000; Sigma-Aldrich; Merck KGaA) as a secondary antibody for 1 h at room temperature. Bands were visualized with BeyoECL plus reagent (Beyotime Institute of Biotechnology, Haimen, China) and the band density was measured using ImageQuant TL version 1.1 (GE Healthcare Life Sciences) with β-actin (A1978; 1:1,000; Sigma-Aldrich; Merck KGaA) as the internal reference.
Statistical analysis. All data are presented as the mean ± standard deviation of three independent experiments. SPSS 19.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. Student's t-tests were used to compare the means of two groups. One-way analyses of variance with Bonferroni's correction was used to compare the means of three or more groups. Survival curves were generated using a Kaplan-Meier analysis and the log-rank test was used to determine P-values. P<0.05 was considered to indicate a statistically significant difference.
Results
Oncomine database analysis. The expression levels of ACC1 mRNA in various types of cancer and normal tissue were investigated using the Oncomine database. Compared with the levels in the corresponding normal tissues, ACC1 was overexpressed in colorectal, leukaemia, liver and prostate cancer, but was downregulated in brain, central nervous system and kidney cancer (Fig. 1A) Fig. 1B and C) .
Kaplan-Meier survival analysis.
Kaplan-Meier survival analysis was performed to evaluate the prognostic value of ACC1 expression in liver, pancreatic and brain cancer. Overexpression of ACC1 was associated with increased risk, 
ACC1, acetyl-coenzyme A carboxylase 1; h, human; r, rat; siRNA, small interfering RNA. 
ACC1, acetyl-coenzyme A carboxylase 1; CCNA2, cyclin A2; CCND1, cyclin D1; h, human; r, rat. poorer prognosis and shorter overall survival times for liver and pancreatic cancer (Fig. 2) . Conversely, downregulation of ACC1 was associated with lower risk, better prognosis and longer overall survival times in brain cancer. Thus, ACC1 may be considered to act as a tumour suppressor gene in brain cancer, and as an oncogene in liver and pancreatic cancer.
Effects of siRNA-targeting ACC1 on mRNA and protein expression in Hep G2
and BRL 3A cells. To specifically silence ACC1 gene expression in Hep G2 and BRL 3A cells, cells were transfected with siRNA targeting ACC1 mRNA. RT-qPCR and western blotting were performed, and the expression of ACC1 in transfected and control cells after 48 h was detected. As presented in Fig. 3A , human (h)ACC1 mRNA levels in Hep G2 cells were reduced to 0.50±0.04 (sihACC1-1), 0.20±0.03 (sihACC1-2) and 0.40±0.05 (sihACC1-3) relative to those the expression of control cells. The protein levels of hACC1 were determined (Fig. 3B) ; sihACC1-2 was selected for use in later experiments. Furthermore, rat (r)ACC1 mRNA levels from the rat cell line BRL 3A were significantly reduced to 0.19±0.01 compared with in control cells (Fig. 3C) ; the protein expression levels of ACC1 were notably suppressed (Fig. 3D) .
Effects of siRNA-targeting ACC1 on cell viability and migration.
To investigate the effects of ACC1 RNAi on cell viability, an MTT assay was used to measure the viability of Hep G2 and BRL 3A cells 24, 48 and 72 h post-transfection with siRNA targeting ACC1. As presented in Fig. 4A and B, cell viability began to decline after 24 h, and significantly decreased at 48 and 72 h in Hep G2 and BRL 3A cells, compared with the siControl. To further investigate the effects of siACC1 on cell migration, Hep G2 cells were treated with sihACC1-2, which significantly reduced cell migration at 48 and 96 h compared with the siControl, respectively ( Fig. 4C and D) .
Effects of siRNA-targeting ACC1 on cell proliferationassociated genes.
To further investigate the effects of ACC1 RNA interference (RNAi) on cell proliferation, RT-qPCR and western blot analyses were performed to determine the expression of proliferation-associated genes 48 h following interference. The results revealed that the expression of cell proliferation-associated genes, including CCND1, JUN, MYCN and CCNA2, were significantly decreased in siACC1-transfected cells compared with the control group (Fig. 5A) ; a similar trend in protein was observed (Fig. 5B) . 
Discussion
In the present study, the Oncomine database was employed to analyse the association between the overexpression of ACC1 and liver cancer, and determine whether ACC1 affects the survival time of patients with liver cancer. The extent of ACC1 mRNA overexpression in liver cancer was closely associated with the survival time of patients. To determine the role of ACC1 in cancer and normal liver cells, ACC1 expression in Hep G2 and BRL 3A cells was knocked down using RNAi. Downregulation of ACC1 significantly suppressed Hep G2 and BRL 3A cell proliferation and decreased BRL 3A cells in G2/M phase (from 24.10±0.30 to 16.73±0.32%).
To further understand the mechanisms underlying ACC1-mediated BRL 3A cell proliferation, the expression of cell proliferation-associated genes, including MYCN, JUN, CCND1 and CCNA2, was analysed. MYCN is a key regulator of mammalian cell proliferation and is required for oncogenesis (21) . Numerous studies have demonstrated that MYCN can induce the transition of liver cells from G 0 phase to G 1 phase (22, 23) . CCND1 is another oncogene that drives cell cycle progression, and its presence signifies that liver cells are entering the G 1 phase (24) . Previous studies have reported that CCND1 is significantly upregulated in liver cells following partial hepatectomy; the protein regulates progression via the G 1 -phase checkpoint and promotes cell proliferation (25, 26) . MYCN can induce CCND1-mediated cell cycle progression (27) , whilst treatment of MCF7 cells with antisense MYCN can inhibit cell proliferation by decreasing CCND1 expression (28) (29) (30) . Thus, MYCN may induce CCND1 and enhance the activity of CCND1-cyclin-dependent kinase complexes to drive cell cycle progression and transformation (31) . JUN is necessary for cells to progress to G 1 phase of the cell cycle and serves as an important regulator for initiating liver regeneration (23, 32) . Additionally, JUN regulates the transcriptional levels of CCND1, which is required for the efficient proliferation of mouse fibroblasts (33, 34) . Cyclin A2 (CCNA2), a core component of the cell cycle, is involved in the G 2 /M transition; thus, it may also affect cell proliferation (35) . As a key member of the cyclin family, CCNA2 significantly promotes hepatocyte cell cycle progression (36) . The present study revealed that knockdown of ACC1 induced the downregulation of CCNA2 and CCND1, and decreased BRL 3A cells in G2/M phase. This suggested that ACC1 may bind and activate CCNA2, CCND1, MYCN and JUN to promote BRL 3A proliferation. Thus, downregulation of CCNA2 and CCND1 may affect cells decreased in G2/M phase (from 24.10±0.30 to 16.73±0.32%); however, further investigation is required to determine the exact mechanism in detail.
As a master regulator of FA metabolism, ACC1 converts acetyl-CoA to malonyl-CoA, which is a critical substrate for FA synthesis. Compared with normal cells, cancer cells synthesise FAs at higher rates (9) . The factors involved in lipid synthesis are also observed in the proliferation, cell growth and viability of certain cancers, including lung (37), colon (38) , prostate (8) and breast cancer (11) . In LNCaP cells, ACC1 RNAi-mediated silencing induced cell growth inhibition and cytotoxicity (39) . In non-small-cell lung cancer cells, ACC inhibition reduces de novo lipid synthesis, and decreases cell growth and viability (40) . In human U87 EGFRvIII cells, ACC1/2 knockdown not only suppresses de novo lipogenesis, but notably reduces U87 EGFRvIII cellular proliferation and viability (9) . In yeast, inactivation of ACC1 completely inhibits vegetative growth and causes cell death following treatment with FAs; further investigation has revealed that siACC1 induces severe abnormalities in spindle formation, arrests cells in the G 2 /M phase of the cell cycle, and suppressed cell viability (41, 42) . However, the importance of increased lipogenesis in tumour cells, and the mechanisms by which interference with this increased lipogenesis promotes tumour cell proliferation, growth and viability require further investigation.
To the best of our knowledge, the present study is the first to determine the association between ACC1 and cell proliferation in the rat liver cell line BRL 3A. ACC1 is not only important for the proliferation of Hep G2 cancer cells, but may also be necessary for the proliferation of BRL 3A cells. ACC1 is highly expressed in liver tissue and hepatocytes, and is the sole regulator of FA synthesis (43) . Mutant mice lacking ACC1 exhibit embryonic lethality, which suggests that de novo FA synthesis is essential for embryonic development (44) . The present study suggests that ACC1 is a valuable drug target for treating various metabolic pathologies, including hepatic steatosis, non-alcoholic fatty liver disease, metabolic syndrome, obesity and hepatic insulin resistance (7) . Thus, ACC1 may be a potential target for the development of novel approaches to liver cancer prevention and therapy. ACC1 can upregulate the cell proliferation-related genes MYCN, JUN, CCND1 and CCNA2 in the rat liver cell line BRL 3A. In future studies, the association between FA synthesis and cell proliferation-related genes should be investigated to improve understanding of the function and targets of ACC1. Additionally, whether ACC1 performs the same functions in vivo merits further investigation by utilising a model of rat partial hepatectomy and knockout of ACC1 via CRISPR-Cas9 technology.
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